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This research focuses on the applicability of implementing a multi-well pilot test for a chemical 
enhanced oil recovery (CEOR) in Sabriyah Lower Burgan reservoir that is located in the north of 
Kuwait. The objective of this research is to evaluate the economic applicability of a proposed 
Alkaline Surfactant Polymer (ASP) formulation in a multi-well pattern in the candidate reservoir. 
Simulation and economic modelling was used for this evaluation. 
Sabriyah Lower Burgan is a large sandstone reservoir located in north Kuwait. The reservoir 
has excellent rock properties permeabilities are in Darcies. The field is currently developed 
through primary depletion with an active water drive. 
Using the CEOR screening criteria, the reservoir is a candidate for the recommended 
technology. All forms of EOR were evaluated and CEOR was the only practical technology that 
passed all screening criteria. Understanding the reservoir is critical and evaluating multiple 
implementation strategies is important to insure economic success. 
The objective of the pilot test is to demonstrate that the recommended ASP formulation can 
economically mobilize remaining oil (ROS) in Sabriyah Lower Burgan reservoir. The process to 
achieve this objective includes: 
• Expand a small scale pilot into a large multi-well pilot from the proposed area location. 
• Select suitable target reservoir zone. 
• Evaluate different well pattern strategies using simulation demonstrating the effectiveness 
of the technology in producing additional oil. 
iv 
• Apply economics to all case studies to demonstrate the applicability and commerciality of 
the different proposed case studies. 
• List observation of key challenges associated with large scaled field implementation. 
Including economics in a technical CEOR assessment will help understand the practical aspects of 
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This chapter consists of a general introduction of the research topic, available data and the 
objective of the study. 
1.1 Background 
As we continue to consume the current known reserves, additional oil reserves will be added 
with new discoveries from conventional reservoirs and unconventional shale oil and gas 
development. Enhanced Oil Recovery (EOR) will aid in increasing reserves through increasing the 
oil recovery factor by applying different techniques to improve and increase production. 
As time passes, enhanced oil recovery is becoming a more promising mechanism to recover 
additional oil. Estimations of oil recovery from different conventional reservoirs are around 30%. 
Some fields may reach up to 40% which is more to the optimistic side. Other reservoirs such a 
shale may be only 10%. It can be observed that more than two thirds of the oil in place has not 
been produced. Enhanced oil recovery can help to produce a portion of the unrecoverable oil and 
displace it efficiently. 
There are different enhanced oil recovery mechanisms which will be discussed later. Each 
mechanism has its own technique and range of reservoir characteristics that the candidate reservoir 
must have to result in a more promising output. Screening criteria will be made to make the best 
solution for the reservoir based on the most favorable reservoir characteristics and infrastructure 
availability. 
Alkaline Surfactant Polymer is the chemical flood technology to be the focus of the research. 
It is critical to understand the science and physics of the process, screening different chemical 
formulations to finalize optimistic formulation as per the objective of the study. 
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1.2 Purpose and Objective of Research 
The Sabriyah Lower Burgan reservoir has been a candidate for enhanced oil recovery and 
based on the screening criteria it has been seen that it is a strong candidate for a chemical flood. It 
was demonstrated that chemical flooding can be successful in the laboratory. Expanding to a multi-
well, pilot area can be very beneficial to address the expected applicability of such technology. To 
summarize the objective of the study it can be said that: 
• The proposed study will demonstrate that the recommended ASP formulation can 
economically mobilize remaining oil (ROS) in Sabriyah Lower Burgan reservoir using 
different well pattern strategies of a large multi-well pilot test area. 
1.3 Thesis Organization 
This thesis consists of six chapters. A general introduction of the research topic, purpose of 
research and the objective of the study is included in Chapter 1. 
Chapter 2 is the literature review; understanding Enhanced Oil Recovery (EOR), screening 
criteria of EOR, chemical flood process (Alkaline Surfactant Polymer), and case studies will be 
reviewed and summarized. 
An understanding of the candidate reservoir will be summarized in Chapter 3. The geology of 
that formation, reservoir description, concerns that need to be addressed when applying EOR and 
a brief review of the reservoir performance. 
Chapter 4 is the pilot design and analysis. This chapter will discuss the development of the 
simulation model of a multi-well pilot area of the Sabriyah Lower Burgan reservoir. A summary 
of the proposed chemical formulation for this reservoir which is based on core floods and four 
forecast scenarios have been reviewed to address the chemical EOR performance in that reservoir. 
Chapter 5 will demonstrate the concept and techniques used for the economic evaluation of the 
Sabriyah Lower Burgan pilot area. Two economic models have been developed and all case studies 
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that have been implemented in the previous chapter are used to analyze and evaluate the reservoir 
economics. 
Chapter 6 presents the conclusions and recommendations and the final outcomes of the 
thesis. 
1.4 Data Available 
Availability of data can be summarized in the following points: 
• Geological Model. 
• 20 PVT reports. 
• 2 SCAL reports. 
• Production data till September 2016. 
• Pressure data till September 2016 
• Laboratory Core analysis (ASP Chemical flood). 





Literature review can be categorized into the following areas: Understanding Enhanced Oil 
Recovery (EOR), Screening Criteria of EOR, Chemical Flood Process (Alkaline Surfactant 
Polymer), and Notable case studies. 
2.1 Enhanced Oil Recovery 
Enhanced oil recovery or tertiary recovery is the oil recovery by injecting a chemical, gas or 
substance that is not present in the reservoir to recover more oil. Field development life usually 
starts with primary recovery, followed by secondary recovery (Improved Oil Recovery) and 
finalize with tertiary recovery (Enhanced Oil Recovery). 
Primary recovery is the earliest method where the oil and gas were produced by the reservoirs 
natural energy (basically by fluid expansion). Secondary recovery is water flooding (discovered 
by accident in 1880) which became a major improved oil recovery (IOR) technique. Gas injection 
followed water flooding for pressure maintenance and gravity drainage oil recovery. In lnfill 
drilling, horizontal well production, and multi-stage hydraulic fracturing are also considered IOR 
techniques. Figure 2.1 is an example of the life cycle of a reservoir. 
There are three main categories of EOR: thermal, gas and chemical methods. Each main 
category can be divided into further processes (Green and Willhite 1998; Lake 1989). EOR 
technologies currently contribute only 3.1 percent to the total daily oil production (current 
production as per December 2016 is 96 MMBBL). 
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Thermal methods recover oil by injection of heat into the reservoir. This method is mainly 
dependent on the reduction of crude viscosity with the hot steam being injected. This is considered 
an attractive choice for heavy oil but can be less efficient for lighter crude. Currently globally 
thermal method is the most used of all the EOR methods. 
 
Figure 2.1 Example of field development life cycle showing primary, secondary and tertiary 
recovery (Carrol 2013). 
 
Gas methods, mainly carbon dioxide (CO2) recover the oil by injecting gas into the reservoir 
(miscible gas process). Currently gas methods are very successful especially for the reservoirs with 
low permeability, high pressure and lighter oil (Green and Willhite 1998; Lake 1989).  Gas 
methods fails when the reservoir has low pressure and the availability of a gas source is a crucial 
insufficient. 
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Chemical methods include polymer flooding, surfactant flooding, alkaline flooding and could 
be combination of all three chemical flood. The chemical methods provide the following (each 
method has its own advantage): Lowering interfacial tension (IFT), wettability alteration (oil wet 
to water wet) and providing a more favorable mobility control. Chemical flooding is most effective 
if all three mechanisms can be combined in a single application. 
What should be noted in chemical methods is the quantity of chemical injected should be 
carefully investigated and analyzed as it can be very expensive in comparison to other methods. 
Alkaline Surfactant Polymer flood is the most promising process in chemical floods as it combines 
interfacial tension reduction, wettability alteration and mobility control effectively. This method 
will be further discussed in the upcoming sections of the literature review. A simplified EOR 
classification is shown below in Figure 2.2. 
 
Figure 2.2 Simplified EOR classification (Bera and Mandal 2015). 
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2.2 Screening Criteria of Enhanced Oil Recovery 
Screening criteria have been proposed for all enhanced oil recovery methods where a set of 
guidelines and limits of the reservoir characteristics and properties. Data from EOR projects 
around the world have been examined and the optimum reservoir characteristics for successful 
projects have been noted and based on that a screening criteria has been developed (Taber 1997; 
Joesph John 1997). 
Availability and cost of EOR technology is also a crucial parameter - as much as the 
characteristics of the reservoir. In the case of the candidate reservoir, it has been seen that miscible 
carbon dioxide injection also has good EOR potential but due to the non-availability of the resource 
and the lack of the infrastructure, chemical flooding is considered the better choice. Below is an 
example of a screening criteria Figure 2.3. 
 
Figure 2.3 Summary of screening criteria of EOR methods (Taber et al. 1997). 
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2.3 Fundamentals Related to Enhanced Oil Recovery 
The overall recovery efficiency [E] of any displaced fluid process has the following equation: 
                                               E = Ev * Ed  (2.1) 
It is the product of the macroscopic (volumetric) displacement efficiency [Ev] and the microscopic 
(local) displacement efficiency [Ed]. 
The macroscopic displacement efficiency is a measure of how well the displacing fluid has 
come in contact with the oil bearing parts of the reservoir. The macroscopic displacement 
efficiency has two terms, areal sweep efficiency [EA] and vertical sweep efficiency [Evi]. 
The equation of the macroscopic efficiency is:  
                                               Ev = EA*Evi (2.2) 
The microscopic displacement efficiency is the measurement of the efficiency of the dis-
placing fluid to mobilize the residual oil once the fluid has come in contact with the oil. 
Microscopic efficiency is mainly dependent on interfacial tension, capillary forces, relative 
permeability, and wettability (Terry 2001). 
Interfacial tension by is a force per unit length and is a measurement of the immiscibility of 
two fluids (dynes/cm). Reducing interfacial tension by several magnitude can result in better 
displacement efficiency. 
Wettability is the affinity of the solid and fluid for each other. Its a function of chemical 
composition of the solid and the fluid. It can be either a water wet or a oil wet system. A water wet 
system is more favorable so no oil is absorbed. 
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Capillary pressure is the pressure difference between two immiscible fluids with the higher one 
usually the nonwetting phase. 
Relative permeability is an important parameter, saturation of a phase affects the permeability. 
It is a dimensionless representation of the saturation (ranges 0 to 1). Chemical flooding can help 
in lowering the water flood endpoint (Sor) to help mobilize additional oil. 
Macroscopic efficiency is affected by heterogeneity and anisotropy. Mobility is the parameter 
affecting oil recovery and is a function of relative apparent mobilities. 
Correlation has been made to show the effect of interfacial tension and viscous forces in 
mobilization of residual oil saturation. Capillary number [Nvc] is a term that defines the correlation, 
and is shown in the following: 
                                                                   Nvc = µ*V/ γ (2.3) 
Where µ is interstitial velocity, V is darcy velocity, and γ is interfacial tension. 
 
Figure 2.4 Capillary number correlation (Terry 2001). 
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Figure 2.4 shows that as the capillary number increases, oil saturation decreases and a capillary 
number of 0:0001 or greater will mobilize the unconnected oil droplets. 
2.4 Alkaline Surfactant Polymer (Chemical Flood) 
Alkaline surfactant polymer (ASP) flood is the most promising chemical method in chemical 
enhanced oil recovery methods because it combines the bene ts of all three chemicals, alkali, 
surfactant and polymer. Reduction of interfacial tension mainly from surfactant, wettability 
alteration from alkaline and more favorable mobility control by polymer. 
Each process will be discussed alone, after that a general understanding of ASP will be 
summarized. 
2.5 Alkali Flood 
Alkaline flooding is an EOR process involving use of an alkali which creates a high pH 
environment (pH of about 10 to 13). The use of alkali increases water-wetness and provides low 
IFT between oil and brine. Typical alkali includes NaOH and Na2CO3. NaOH is a strong base and 
N a2CO3 is a salt of a strong base and a weak acid. 
Alkali is a base which produces hydroxide ions when dissolved in water or alcohol. Al-kali 
increases pH solution. Examples of alkali are sodium hydroxide (strong base), sodium carbonate 
(salt), sodium silicate, sodium phosphate, and ammonium hydroxide. 
The most commercially utilized alkali is sodium carbonate due to affordability, less 
permeability damage, and it acts as a buffering agent. 
The acid number of a crude oil is an important parameter in the alkali flooding as it can generate 
natural soap. Acid number is defined as the milligrams of potassium hydroxide (KOH) that is 
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required to neutralize one gram of crude oil. The assumption is that alkali neutralizes carboxile 
acids in the crude oil which then form surfactant. 
Alkali EOR Main Mechanisms: 
• Lowering oil water interfacial tension 
• Wettability reversal 
• Formation of micro-emulsions 
Generated ions from the oil acidity will adsorb at oil-water interfaces and lower interfacial 
tension. A combination of alkali and surfactant can be the most efficient way to lower the IFT. 
Wettability also plays an important role in oil recovery. Wettability reversal produces fluid 
redistribution in pore space, which may be very beneficial for oil recovery (Morrow 1990). The 
high pH of alkali chemicals can alter the wettability (oil wet to water wet) which helps a chemical 
EOR flood by reducing rock affinity to oil. 
2.6 Polymer Flood 
Polymer flooding is used to make the mobility ratio more favorable so that the injected uid will 
not bypass the displaced fluid (macroscopic efficiency). Addition of polymer will increase the 
viscosity of aqueous phase, so that the mobility of aqueous phase decreases. The mobility ratio 
will be lower and this would lead to better displacement of fluid. 
Polymer will not decrease the residual oil ratio like surfactant or alkali but it will make the 
aqueous phase higher in viscosity resulting in a better sweep and displacement efficiency. 
12 
Polymers are long chain molecules that are added to improve water flood applications. 
Polymers are added to water in small quantities (e.g., 500 to 3000 ppm) to increase the water 
solution viscosity and provide the sweep efficiency. 
Two types polymers, polyacrylamide and polysaccharide are the main polymers used in EOR. 
Polyacrylamides used in polymer EOR processes are partially hydrolyzed polyacrylamides which 
are negatively charged. When polysaccharide are injected into a reservoir, bacterial degradation 
occur. Therefore it is not recommended for use in EOR processes. Thermal stability above 60 is 
also a problem for polysaccharide polymers. 
Combining polymer with surfactant flooding, provides mobility control and low IFT which 
results in the best displacement. Polymer transport issues could be from plugging/skin factor, 
retention/adsorption, permeability reduction/resistance factor, residual resistance factor, 
mechanical degradation and chemical/biological degradation. 
2.7 Surfactant Flood 
Surfactant flooding is a chemical flood technology where the displacement is immiscible, as 
water or brine does not mix with oil. The key is to lower interfacial tension (IFT) to ultralow values 
(0:001 mN/m) to mobilize the residual oil. The surfactant formulation injected into the reservoir 
is often a combination of chemicals, creating a micelle solution. 
During surfactant flooding it is essential that the complex system forms micro-emulsions with 
the residual oil as this supports the decrease of the IFT. However, the formation of micro-
emulsions may also be a significant disadvantage as it can plug the pores. During design the 
surfactant flood, rock type and other features are critical because of adsorption and phase trapping 
due to salinity and temperature. 
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For a molecule to be a surfactant, it must contain a non-polar part, a hydrocarbon tail, and a 
polar or ionic part. The ionic part resides in the water phase. The non-polar part resides in the oil 
phase. The molecule therefore bridges the oil-water interface lowering the IFT. 
In surfactant flooding, hydrophilic head interacts with water molecules and the hydrophobic 
tail interacts with the oil which forms water-in-oil or oil-in-water emulsions. Surfactant molecules 
are amphiphilic, as they are both hydrophilic and hydrophobic. 
Surfactants are classified on the ionic nature of the head group, as anionic, cationic, nonionic 
or zwitterionic. Anionic are negatively charged and they are what mostly used in EOR processes. 
There are three types of anionic surfactant primarily used in EOR: sulphates, sulphonates and 
carboxylates. Carbon chain length is what alter the hydrophilic and hydrophobic balance. 
Sulphates and sulphonates are most commercially used in the EOR processes. Carboxylates are 
large chain molecules and provide promising formulations but economically are not practical. 
Sulphates are common but sulphonates can be used at higher temperatures (deeper reservoirs). 
Figure 2.5 shows a simple example schematic of a surfactant. The surfactants are in the following 
order: non-ionic, anionic, cationic, and zwitterionic surfactants. 
 
Figure 2.5 Structural form of surfactant (Wikipedia 2016). 
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In surfactant flooding, the phase behavior and the phase equilibration between the dis-placing 
and the displaced fluids will affect the recovery efficiency. There are three types of phase behavior 
in surfactant systems. 
Winsor I systems are systems where the multiphase region has lower-phase micro-emulsion in 
equilibrium with excess of oil. Surfactant is in the water phase. 
The Winsor II systems are upper-phase micro-emulsions in equilibrium with excess of water 
or brine. Surfactant is in the oil phase. 
Winsor III systems reaches a middle phase micro-emulsion at which the lowest IFT is observed 
between oil and water. Surfactant is in the emulsion phase between oil and water. 
It can be seen in Figure 2.6 shows the Winsor classification and phase sequence of micro-
emulsions. 
To summarize, alkaline-surfactant-polymer (ASP) flood is the most promising chemical 
method in enhanced oil recovery because it combines the benefits of alkali, surfactant and polymer. 
Reduction of interfacial tension from mainly surfactant, wettability alteration from alkaline and 
more favorable mobility control from polymer. 
In the ASP flood, IFT reduction is considered as one of the most important oil recovery 
parameters. By combining alkali and surfactant, ultra low IFTs are achieved and polymer provides 
a favorable mobility ratio. 
15 
 
Figure 2.6 Winsor Classification and phase sequence of microemulsions (Kahlweit and Strey 
1985). 
 
Wettability alteration is also considered as an important factor for ASP recovery mechanism. 
The addition of alkali may result in wettability alteration. 
The presence of alkali can reduce the consumption of surfactant and polymer. It can also acts 
as a sacrificing agent because surfactant is much more expensive. It has long been recognized that 
alkali can reduce the surfactant adsorption. Polymer in ASP will act as the mobility control agent. 
2.8 Case Studies 
A review has been made for a number of chemical flood fields globally. Surtek, Inc provided 
the information shown in Figure 2.7 from their database. 
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There was a lesson learned from all of those previous case studies. EOR implementation 
requires precise planning from the beginning of the project until end of the project and the disposal 
of the EOR facilities. 
 
Figure 2.7 Summary of Chemical EOR Case Studies (Surtek, Inc. 2017). 
 
The Brookshire field in Texas - United States of America showed us simply that a pilot should 
not be implemented base on a Berea core flood as this is not only not representative of the reservoir. 
Also lack of understanding the geologic complexity was also another factor that lead to not 
knowing were the production came from. 
The Lawrence Cypress in Illinois - United States of America is a case study that teaches a 
lesson of proper planning and implementation of facilities. There is some similarity in the 
properties of this reservoir to the Sabriyah Lower Burgan, but the underestimation of the post 
production facilities has lead to the failure of the project. Chemical EOR flood to work properly 
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must have post facilities that can handle produced emulsion so that the separation process can be 
efficient and successful. The Sabriyah Lower Burgan has a strong natural water drive, post 
facilities should handle the capacity as per the expected quantities. 
Underestimating this point could lead to the failure of the project even if the chemical 
formulation provided the highest mobilization of the remaining oil. 
The Adena ASP pilot test in Colorado, United States of America, is an interesting case study. 
Two conclusions can be said in this case study, either the technology is a failure or the field 
operation was poorly operated. Investment in operations and manpower is critical, well conditions 
should be up to standard of EOR application. A thermal log after the flood showed injected fluid 
was not entering the reservoir. A cement bond log shows poor cement for the injector. 
The objective of the study is to address the economic applicability of the candidate reservoir. 
Time of implementing chemical EOR flood can be very critical in terms of the economics. Three 
reservoirs in Wyoming United States of America, implemented chemical EOR Flood at different 
time in the life of the reservoir. Mellot Ranch field implemented chemical flood after 35 years of 
water flood and the oil cut was 5 and the cost of barrel of oil was 19 dollars. Tanner reservoir 
implemented Chemical Flood with an oil cut of 40 % and finalized with a 4:49 dollars cost per 
barrel. The Cambridge reservoir began the earliest of them all and as a secondary recovery and the 
cost of barrel finalized to be 2:95 dollars per barrel of oil. It can be observed that implementing 
EOR faster can lead to a more economical result. 
Warner field in Alberta, Canada gave an understanding of how scaling and gypsum can be 
critical and dominate factor in chemical EOR flood. Scaling can lead to injection loss or probably 
total loss if occurred near wellbore. Water softening should be considered to avoid any scaling and 
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precipitation near the wellbore. Despite the scaling, incremental oil quantities is insufficient to be 
economic. 
Reviewing the polymer flooding review (Needham, Riley B and Peter H. Doe 1987) it can be 
seen that economic and technical success has been achieved for both secondary and tertiary 
applications. It is also important to state that polymer flood has found success in both sandstone 
and carbonate reservoirs. It can be observed in some case studies that chemicals quantity can be 
reduced by factor of six if implemented earlier. 
Figure 2.8 shows the review with the results of the recovery factors. Heterogenous reservoir 
has resulted in less success. Viscous oil in heterogenous reservoirs develop higher WORs (water 
oil ratio) which leads to a lower performance. 
 
Figure 2.8 Chemical case studies history (Needham and Doe 1987). 
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It can be concluded that chemical EOR applications require careful planning and analysis from 
screening of the potential technology, reservoir core floods and implementation in the field. 
Availability of facilities and pre-post production facilities for separation and other operations is a 
priority as per all previously mentioned points. 
2.9 Economic Literature  
Economic evaluation of an oil asset is done for many reason using many strategies. It can be 
done for governmental reporting, selling or buying a property, and investment for possible 
shareholders. Most organizations use economic evaluations to provide data to make a decision 
which has a precise objective. 
Profit is defined by revenues subtracted by cost. Models has been developed to t to that purpose 
such as Cash Flow Model, Tax Model and Financial Model. This research will concentrated in 
Cumulative Cash Flow Model to address the time value of money without addition of taxes as the 
field of the study is owned by a national oil company that manages reserves and resources of the 
country. 
Discounted annual rate will be included to benchmark the option of investing in other places 
(stock market, government bonds, etc.). An example is shown in Figure 2.9. A 10% discount rate 
will be considered in the study. 
Drilling horizontal wells induces damage to the reservoir. Bypassing the formation damage 
and enhancing low permeability require hydraulic fracturing, which is the completion approach in 
nearly all horizontal wells drilled in shale reservoirs. 
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Figure 2 9 Compound discounted annual rates (Bodie and Marcus 2014). 
 
Main equation that is used in the Cash Flow Model: 
                                                       F = P  (1 + i)n                                (2.4) 
Symbols can be referred as the following: 
P= present value, F = future value, 
i = interest rate, 
n= number of years 





OI= Operating income, Inv= Investment 
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Projects break even when ROI = 1, Oil Investors are usually looking for an ROI of 10. This is 
considered a yardstick of the efficiency of the investment. 
Profit t to Investment 
P:I = 
Σ N CF 
(2.6) 
  Σ Inv 
   
     
NCF= Net Cash Flow 
       
P:I can be stated as:        
P: I = ROI - 1 (2.7) 
Discounted Profit t to Investment        
P:I = DROI - 1 (2.8) 
 
Payout: State if from undiscounted or discounted cumulative cash flow 
Payout is the interpolation of the following: 
X = -     Y1 
 
  + X1 (2.10) 
 
Y2 -Y1 
X1= Last year of negative cash flow, 
Y1= Cumulative cash ow at X1, 
Y2= Following year Cumulative cash ow (Y1)   
 
Net Present Value   
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NP V =Σ     
 
(2.10) 
   NCF 
(1 + i)n 
 
 
This will help in analyzing the probability of a projected investment. 
Internal rate of return is the interest rate at which the net present value of all the cash flows 
(both positive and negative) from a project or investment equal zero. It is used to evaluate the 
attractiveness of a project (Remer and Nieto 1995). 
Sample of one of the case studies cash flow model is shown below Figure 2.10. 
 
 





GROWTH OF UNDERSTANDING – NORTH KUWAIT SABRIYAH LOWER BURGAN  
This chapter describes the candidate reservoir, the North Kuwait Sabriyah Lower Burgan 
Reservoir, it's geology, reservoir description, and a brief review of the reservoir performance. 
3.1 Geology 
The Sabriyah field location is in Northern Kuwait and was discovered in 1958 with production 
starting in 1964. The area of the Sabriyah field ranges around 480 km2 (Figure 3.1). The field 
primarily produces from the Mauddud and Burgan formations. The Burgan formation is 
subdivided into multiple sections due to its giant multilayered formation. The lower section of the 
Burgan formation is referred to as the Lower Burgan or SALB. The SALB can be broken down to 
two intervals, the Lower Burgan Massive or LBM and the overlying reservoir referred to as the 
Layered Lower Burgan or LBL. Currently the reservoir is under primary depletion that is assisted 
by an active water drive. The LBL formation is the main focus of this research and Figure 3.1 
shows the field location and structure map of the candidate reservoir. 
The Lower Burgan is a sandstone reservoir which contains mainly channelized facies that 
impact the heterogeneity of the reservoir. The structure of Sabriyah is an domal anticline trap 
crossed by NW-SE and NE-SW faults which has several producing intervals includes Tuba, 
Mauddud, Upper Burgan, Lower Burgan, Zubair and Ratawi. 
The lithology of the SALB consists of kaolinite (dominate clay), siderite and dolomite which 
are dominate cements and glauconite present in marine sands which are associated with marine 
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intervals. Looking at the stratigraphy, it can be explained that the stratigraphy tend to be 
transgressive, from a low relief fluvial-deltaic environment to a marine shore face 
  
 
Figure 3.1 Location of Sabriyah field and Structure map of the Sabriyah Lower Burgan (Kuwait Oil 
Company Internal Data 2016). 
 
The layered formation consists of a geometrically complex distribution of distributary channel 
and shallow marine sandstone and mudstones which is the targeted formation. The massive 
formation comprises laterally and vertically continuous fluvial sandstones with most of the oil has 
having been produced. Figure 3.2 is the sequence stratigraphy framework of the formation. 
Some parts of the reservoir are heavily faulted. Faults are generally oriented north to south 
with throws ranging 13 to 165 ft. These faults are vertical and most of them are not extensive 
enough to create isolated compartments. From seismic results there are 38 faults mapped as shown 
in the Figure 3.3 and faults dips are in the range of 75-90 degrees. 
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The SALB reservoirs are interpreted to be in communication and share a common initial oil 
water contact that varies in depth (8106 ft in the east to 8132 ft in the west). 
After reading the available literature is can be seen that there are two main observations to be 
considered to understand and build the strategy of the pilot design. The first observation is the 
water drive mechanism and the second observation is the cross-section correlations of the reservoir 
and how it should be carefully integrated once expansion of the pilot is started. 
 




The lower Burgan formation is divided into two producing intervals. The lower interval is 
referred to as the Massive or LBM and the overlying reservoir is referred to as the Layered or LBL. 
The massive has an active bottom water drive (bottom aquifer) while the layered has an edge water 
drive (lateral aquifer). Water encroachment has led to bypassed oil pockets in the massive 
formation and leads to water production from the layered formation. This is mainly due to the 
faults which promote encroachment of water from the wet massive formation to the layered 
formation. Figure 3.4 shows the water encroachment in the candidate reservoir. 
 
 
Figure 3.3 Faults oriented north to south in the SALB reservoir (Kuwait Oil Company Internal 
Data 2016).  
 
The current field development is based on primary depletion with the support of the active 
natural water drive (no injection has been performed in this formation). 
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Regarding the second observation which is the cross section correlation, below are the 
correlations of the candidate pilot area. Looking at a different cross sections it seems difficult to 
trace sand connectivity. This suggests complexity and heterogeneity of the reservoir due to faults 
and complex lithology which requires careful investigation and understanding if the expansion of 
the pilot area is performed, Figure 3.5. 
Overlying the targeted formation are bioturbated formations of sandstone and limestone. 
Well logs indicate a drop of permeability in this formation. Selection of the pilot location will be 
further discussed in the upcoming chapter but the main reason for selection of the pilot area was 
based on the most homogeneous sandstone with good porosity and permeability. Also minimum 
water drive presence and minimum faults (adjacent faults in the case of current pilot area). A 
location that has good production history to optimize the simulation is also an important 
consideration. 
 
Figure 3.4 Edge water drive, bottom water drive and fault conduits of SALB (Kuwait Oil Company 
Internal Data 2016).  
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3.2 Reservoir Description 
Sabiryah porosity ranges from 20-25% with a permeability of 500 to 2,000 md. The thickness 
of the targeted formation is 50-100 ft. Current oil saturation of the targeted formation averages 
exceed 0.6 PV. Figure 3.6 is the historical pressure data of SALB. 
The Sabriyah reservoir temperature is approximately 181˚F. This temperature is primarily a 
concern for chemical EOR process that use polymer and surfactants. Current pressure of the 
reservoir is in the range of 2,800 psia which is higher than the bubble point by 1,000 psia. 
Current Oil Formation Volume factor is 1.5 bbl/stb and API ranges around 31˚ with an oil 
viscosity of 0.85 cp. In regards to the water salinity, formation water which has a TDS of 
243,000 mg/L (hardness of 18,500 mg/L Ca + Mg) and sea water which has a TDS of 
approximately 50,000 mg/L and viscosity of water is around 0.56 cp. 
 
 




Figure 3 6 Historical pressure data for candidate reservoir (Kuwait Oil Company Internal Data 
2016).  
 
In terms of EOR factors, current mobility ratio is around 0.4 and interfacial tension is in the 
range of 11 dynes/cm. 
Important parameters can be observed from the reservoir parameters in terms of CEOR. 
They are summarized as the following: 
• Temperature:  this can be a concern in terms of the slightly high temperature for Chemical 
EOR. High reservoir temperature will increase the rate at which alkali reacts with the 
reservoir rock which could result in a high alkali consumption and dissolution of silica from 
the reservoir rock. The silica will precipitate with the calcium and magnesium in the water 
to form scale. This can be a serious operational issue which is hard to treat. 
• In terms of permeability and mobility ratio, concern for polymer plugging is neglected due 
to exceptional permeability. On the other hand, permeability decreases in the fluvial systems 
could be a concern. 
30 
• The pore volume is estimated to be in billions of barrels for the lower Burgan. The layered 
formation is what being considered so it's effective pore volume is what is evaluated for EOR 
processes. Targeted formation pore volume is 105 MMBBL and will be discussed in further 
detail in the next chapter. 
• Water Quality: polymer would precipitate and mobility control will be lost due to magnesium 
and calcium in reservoir water. Water should be treated at least in the first phase of the pilot 
design to overcome any scaling near the wellbore which could results in serious 
consequences. ASP flood requires water with no divalent cations. Sea water or treated water 
can be used to dissolve chemicals. 
• Relative permeability is an important parameter in the process of chemical flood and eight 
relative permeability curves exists. Sabriyah Lower Burgan curves tend to be mixed wet. 
Figure 3.7 shows the available relative permeabilities plot of SALB. 
When IFT is reduced in the chemical flood, oil and water become more miscible and residual 
oil saturation is decreased which results in more production. 
Certain parameters need to be further discussed that will effect the CEOR and its practical 
applicability. 
3.3 Historical Production Data 
Production of the Sabriyah Lower Burgan started in 1964. This reservoir is not under injection 
so there are no injector wells while there are 95 producing wells. Well spacing is the range of 400 
m. Current oil cut is 42%. 
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Production data is missing for 1991-1992 due to Iraqi invasion of Kuwait (potential impact to 
reservoir current saturation). An important observation is that the water breakthrough was delayed 
by shutting in or re-completing the wells/strings once water was produced. 
 
 
Figure 3.7 Available data for SALB relative permeability (Kuwait Oil Company Internal Data 
2016).  
 
3.4 Sabriyah Logistics 
The oil industry in Kuwait is the dominant source of income contributing to the country’s 
economy. Current daily production is almost 3 million barrels of oil. Sabriyah field is located in 
the northern area of Kuwait and it is in an isolated non-populated desert area as shown in Figure 
3.8. A number of neighboring oil fields exist such as Bahrah, Raudhatain (an excellent analogue 
due to the very close properties of both reservoirs in most formations) and Ratqa (current 
discoveries from that reservoir are heavy oil crude). 
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Figure 3.8 Sabriyah Field Location (Kuwait Oil Company Internal Data 2016). 
 
In EOR operations, water source is an important parameter in terms of the EOR technology to 
be used. The available water source is the sea water which has a total dissolved solids (TDS) of 
approximately 50,000 mg/l. It is important to mention that the formation TDS is 243,000 mg/L 
(hardness of 18,500 mg/L Ca + Mg). 
In regard to the research thesis, chemical flood has been chosen from the screening criteria due 
to the feasibility and availability of that enhanced oil recovery technique. CO2 flood has been 
excluded due to the lack of source and availability. Nitrogen has been neglected due to the 
immiscibility which will not target the residual and remaining saturation. 
In terms of facilities and pipelines, they are scattered throughout the field in the Sabriyah field. 
This could cause a problem when choosing an optimum pilot location and expansion due to the 
lack of efficient placement of facilities and pipelines as shown in Figure 3.9. It is therefore 




Figure 3.9 Sabriyah Field facilities, pipelines and roads (Kuwait Oil Company Internal Data 2016).  
 
3.5 Field Challenges 
Sabriyah Lower Burgan reservoir is a complex reservoir which requires careful strategy of 
field implementation. Expanding from pilot to a multiple pattern project can be a challenge due to 
faults and the water encroachment (edge and bottom water drive) from the massive and layered 
formation of the Lower Burgan. Full field implementation cannot be performed due to the lack of 
sand connectivity. However, multiple pattern projects are acceptable in terms of technical and 
economical parameters. Reservoir core floods have shown great potential for CEOR but 
operational issue must be considered. Salinity and hardness of the formation could lead to 
precipitation which leads to wellbore issues shutdown the well. Single Well Chemical Tracer Test 
(SWCT) and pilot area testing could provide more clarity and understanding. 
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3.6 Logistic Challenges 
The main concern for Sabriyah Lower Burgan is how can this project be profitable and will a 
project be able to provide additional revenues. The profit or loss scenario for this project must be 
considered in a multi-well pilot area, a regular pilot area, and a single well chemical tracer test for 
the reservoir understanding and chemical formulation performance. For example, in a pilot area, 
four injectors and one producers is considered which means loss of expensive chemicals outside 
the pilot area. However, the purpose of a pilot is to fully understand either the success or failure 
of the chemical formulation. It expansion occurs, a four producers and one injector well pattern is 
the favorable five spot pattern due to the good pressure of reservoir and a multi-well pilot pattern 




PILOT DESIGN AND ANALYSIS 
This chapter will discuss the development of the simulation model of a multi-well pilot test 
area of the Sabriyah Lower Burgan reservoir. A review of the available data that has been used to 
develop the simulation model. A summary of the proposed chemical formulation for this reservoir 
will be reviewed. The chemical formulation is based on core floods. Four different well pattern 
strategies will be studied to address the Chemical EOR performance in that reservoir. 
4.1 Modelling Objective 
Conducting this model is to demonstrate that the recommended ASP formulation can 
economically mobilize remaining oil (ROS) in Sabriyah Lower Burgan reservoir. Four case studies 
were evaluated, three of them consider Chemical flood and the fourth is base case consisting of 
primary recovery with the assistance of natural water drive. 
The results of the case studies will be furthermore evaluated in the economic model that will 
be discussed in an upcoming chapter, finalizing the objective of this research. 
4.2 Available Data 
Current available data are summarized in the following points: 
• Geological Model 
• 20 PVT reports 
• 2 SCAL reports 
• Production data till September 2016 
• Pressure data till September 2016 
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• Laboratory Core analysis (ASP Chemical  flood) 
• Fluid Characterization and Numerical Simulation Model of pilot area 
Raudhatain Lower Burgan is a neighbor field (as shown in chapter 3) and it is an excellent 
analogue to be used in terms of reducing any uncertainties and missing data. 
It is important to clarify that these simulation results are based on core flood results of the 
chemical formulation and the expansion of the model is to primarily understand the CEOR 
performance in the reservoir. This can be an important template to further simulate the pilot and 
update input data once field operations are implemented in the near future. 
4.3 Model Simulation Setup 
The reservoir simulation process consist of building a model that reflects the performance of 
the actual reservoir. Recovery rate of hydrocarbon in field operation is the main objective of 
reservoir simulation. Also, the accuracy of reservoirs performance depends on the availability of 
adequate field data. 
The software used in this research is CMG (Computer Modeling Group Ltd.) commercial 
simulation software. Builder, Stars, Results 3D and Results Graph are the features that will be used 
to assess the simulation. 
The Builder feature in the CMG is the framework. Reservoir description, rock fluid properties, 
initial condition of the reservoir, numerical modification, wells trajectory and the geology model 
are all visualized and managed in Builder. 
Results Graph and Results 3D are a way to illustrate the results, either by graphs or by 
visualizing the model. Most of the figures will be generated from both features as this is an efficient 
way to point out informative observations. 
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STARS is a k-value (KV) compositional model that is an excellent commercial software to use in 
CEOR. It is a good method for advanced modelling of enhanced recovery processes involving the 
injection of steam, solvents, air and chemicals. Features for simulation of CEOR processes 
includes such as adsorption of chemical components, residual resistance factor resulting from 
polymer adsorption, polymer degradation, water viscosity increase by polymer addition and 
modification of the relative permeability endpoints from chemicals. 
4.4 Model Buildup 
Details of the model buildup are described in details below. 
4.4.1 Pilot Location 
A pilot area has been agreed on previously based on technical and current condition of the 
field. A sector model will be extracted and from the full field model, upgraded for simulation 
forecasts. The full field has been history matched and currently in the sector model has only two 
producing wells (the producers are currently being produced from different formation). 
The pilot area should be representative of the significant oil target volume of the SALB. The 
area should minimize outside influences or geological features that make evaluation more complex 
and less reasonable. 
The model consists of 18,400 grid blocks. Grid dimension are [40i,23j,20k] orthogonal grid 
points. The grid size is 50X50X50ft and the total area is 52.8 acres. Targeted oil formation is 65 
MMBBL with a pore volume of 105 MMBBL. 



















Figure 4.1 Full field model with extraction of sector model. 
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Northern and southern boundaries are closed due to horizontal and vertical permeability flow 
of oil from outside the pilot that could lead to excessive oil production outside the pattern. Water 
encroachment can be observed from the eastern side of the model and this can be represented by 
adding an infinite analytical aquifer in all the eastern side of the model to mimic the edge water 
encroachment. 
It has been realized that the western side needed a volume modifier as a closed boundary would 
mean ensuring of capturing the oil. Volume modifier of 5 has been added and the fault that is in 
the top north west grid cells has been considered as an infinite analytical aquifer due to the water 
encroachment from a lower formation by fractures. 
 
 
Figure 4.2 Illustration of Sector Model. 
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Sector model was upscaled with 20 layers as shown Figure 4.3 in the above figure. The first 
top four layers are the bioturbation formation which have extremely low permeability as per the 
field review in chapter 3. Layered Formation which is the targeted Lower Burgan exists in layer 5 
till 15. Thickness ranged from 0-44 ft. West to East of the model has the grid top difference of 
more than 400ft space. 
 
Figure 4.3 Cross Section of Sector Model. 
 
4.4.2 Chemical Formulation 
The chemical formulation laboratory work has been completed and the proposed formulation 
used for this model provided by Surtek. A summary is provided below. 
Two parallel evaluations, one for surfactant-polymer and one for alkaline-surfactant polymer, 
investigating 155 surfactants, 2 alkaline agents, and 13 polymers were performed. Surfactants from 
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seven different manufacturers with six classes of chemistries of varying molecular weight were 
evaluated. Polymers were from five different manufacturers and three chemistries. Alkaline agents 
were sodium hydroxide (NaOH) and sodium carbonate (Na2CO3). 
Each of parallel study testing included: 
• Chemical solution compatibility with dissolution water. 
• Chemical solution stability at 82 Celsius. 
• Interfacial tension and phase behavior testing to define optimum formulations.  
• Salinity optimization to de ne optimum formulations. 
• Produced water effect on chemical formulations. 
• Polymer rheology in water and chemical solutions static adsorption of chemicals onto 
crushed Sabriyah, Lower Burgan rock. 
• Oil Recovery core floods and Linear mechanistic core floods. 
Proposed formulation is the Alkaline-Surfactant-Polymer of 0.35 PV of 1.50 weight percent 
Na2CO3 plus 0.30 weight percent Alfoterra 123-4S 90 plus 1450 mg/L Flopaam 3630S dissolved 
in softened, treated sea water. A polymer drive consisting of - 800 mg/L Flopaam 3630S plus 0.25 
weight percent Na2CO3 dissolved in softened, treated sea water is injected after the Alkaline-
Surfactant-Polymer solution. 
4.5 Case Study 1: Primary Recovery Assisted by Natural Water Drive 
Case Study 1 is considered the base case or the No CEOR case and provides us with an 
understanding of the reservoir performance under continued current operations using the water 
drive. Producers will be drilled and the reservoir is produced for 50 years or until a plateau reached. 
The well pattern of the simulation is illustrated below. 
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Figure 4.4 Live and Dead Crude oil for the Recommended Chemical Formulation (Kuwait Oil 
Company Internal Data 2016).  
 
 
Figure 4.5 Case Study 1: Pilot Pattern and Well Location. 
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Wells has been placed based on oil saturation and permeability. The well pattern allows all 
case studies to be compared. The producers as shown have 500 ft between wells, both in the x and 
y direction. Distance between producers is 707 ft diagonally. 
The mains constraint in term of pressure is not to drop below bubble point (2,410 psi). Current 
reservoir pressure exceeds the minimum pressure by over a 1,000 psi. The total liquid rate does 
not exceed 3,400 bbl/day (based on historical production data and analogues from the neighboring 
Raudhatain field). 
The whole targeted formation (layered lower burgan) is considered to be perforated (K layer 
5:15 as per the model). Layer 1 to 4 is as show in Figure 4.3 considered the bioturbation zone and 
it has been not included as part of the targeted formation due to major difficulties in production 
and high risk of chemical loss. 
 
Figure 4.6 Case Study 1: Oil Recovery Factor and Oil Cut of Sector. 
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The strong natural water drive that SALB has shown how it can be an effective and dominating 
factor in the Sabriyah Lower Burgan reservoir. The Ultimate Recovery Factor (URF) as show 
Figure 4.6 above has reached almost 65 % OOIP which is considered a high oil recovery factor for 
primary recovery that is strongly influenced by the natural water drive mechanism. It can be 
observed that after 24 years of depletion (year 2043 as per the x-axis) that the production started 
to reach to a point of minimal to negligible production were the proposed economic limit has been 
reached (5 percent oil cut). The oil cut percentage as shown in the Figure 4.6 shows a decline up 
to 99 % by the end of the forecast. This is due to water encroachment and relative permeability. 
 
Figure 4.7 Oil Saturation Map at end of forecast and Water Production Curves. 
 
It can be observed in the saturation map Figure 4.7 that oil saturation has been lowered from 
0.6 to 0.34 PV. Water encroachment can be observed dominating the eastern ask which provides 
the main displacement mechanism of the sector. The western side of the sector shows great 
potential. However, the objective of the study is to expand the pilot area with the faults in the 
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northwest acting as an aquifer. This results in neglecting of the expansion in the western location. 
It is important to address that a volume modifier was added on the western boundary with a five 
pore volume multiplier and that is why the oil saturation it high at the end of the forecast. 
Water cut reached almost 99 % by end of the forecast. A total of 600 MMBBL of water were 
produced reflecting the force of the natural water drive. Implementing CEOR should be 
strategically planned to take the advantage of the natural water drive and prove that it can provide 
an incremental oil recovery that is economical. This is a promising reservoir based on its natural 
production. 
4.6 Case Study 2: Chemical Flood ( Multi 5-Spot Pattern ) at Late Stage 
The main purpose of Case Study 2 is to apply chemical flood at a late stage. A late stage is 
defined when is when primary recovery has reach its economical limit (5 % Oil Cut). The chemical 
flood will be started at this point. Based on Case Study 1, year 24 of production or year 2043 will 
be the year the chemical flood will be implemented. 
 
Figure 4.8 Case Study 2: Pilot Pattern and Location. 
 
46 
The well pattern is a multi pilot shown in Figure 4.8. A multi 5-spot pattern is implemented 
consisting of 12 producers and four injectors. One injector is placed in the center of each 5-spot 
pattern, 375 ft diagonally from the producers. An inverted 5-spot pattern is not used due to 
economical applicability (reservoir has a large quantity of injection of chemicals owing out of the 
pattern resulting in a high risk of loss of chemicals). The reservoir has favorable conditions 
(pressure, aquifer support and reservoir properties). 
Production wells constraints are consistent with Case Study 1 and for all the remaining case 
studies. Injectors had a maximum injection rate of 10,000 bbl/day which is fairly high. This is to 
make sure that injection minimizes the natural water drive so the chemical formulation maintains 
integrity. Perforations are the same as Case Study 1. Total injection rates are such that one pore 
volume will take 8 years. 
 
Figure 4.9 Case Study 2: Oil Recovery Factor and Oil Cut of Sector. 
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It was observed that the proposed chemical formulation produced remaining oil as seen in 
Figure 4.9. The URF increased to 75% OOIP which is a 10% additional recovery when compared 
with Case Study 1. Chemical Oil Production occurred for 17 years (2043 and reached plateau at 
2060). Oil Saturation has dropped to 0.28 PV. 
Case 2 demonstrates that Chemical EOR is technicality capable of producing residual oil. 
Certain points that need to be addressed such as the time value of money. Time value of money is 
one of the main points to be concluded as this technology is postponed for 30-35 years compared 
to Case 1. The cost of chemicals by the time of implementation is still questionable. Will chemical 
flooding technology be the most efficient, beneficial and optimum solution at that time? All these 
considerations need to be justified before making a final decision. The chapter will cover the 
economic model that could address some of the previous points.   
 
Figure 4.10 Case Study 2: Liquid Rate (bbl/day) and Aquifer Water influx. 
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Figure 4.10 shows a total of 400 MMBBL of water were produced reflecting the reduction of 
the force of the natural water drive aquifer water influx in comparison to Case Study 1. 
4.7 Case Study 3: Chemical Flood ( Multi 5-Spot Pattern ) at Early Stage 
Case Study 3 purpose is to understand if Chemical Flooding can be beneficial if implemented 
in the early stage of reservoir life. Case Study 3 assumes a time period of five years from start of 
production to drill injection wells, set up the chemical facilities, and to implement the chemical 
flood. All constraint are consistent with previous case studies. 
 
Figure 4.11 Case Study 3: Pilot Pattern and Location. 
 
The URF in Case Study 3 is 74% OOIP which is almost the same as Case Study 2, Case Study 
3 and has an incremental oil recovery of 9% in comparison to the Base Case (Case Study 1). It can 
be observed that the oil production has accelerated in the early years of the project and this can be 
seen from the oil cut and recovery factor plots shown in Figure 4.12. Oil Saturation has been 
reduced to 0.29 PV. 
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Figure 4.12 Case Study 3: Oil Recovery Factor and Oil Cut of Sector. 
 
Case Study 3 is the main yardstick for comparison of implementing CEOR or not in terms of 
economical applicability. The fast acceleration of oil production is an effective parameter in 
increasing revenues and provides the highest net present value. Capital and Operational 
expenditures will be a concern in the economics. Time value of money is the main question that 
need to be answered when Case Study 2 and Case Study 3 are benchmarked using economics. 
4.8 Case Study 4: Chemical Flood ( Peripherals ) at Early Stage 
The main purpose of Case Study 4 is to take advantage of the natural water drive of the 
reservoir. The aquifer tends to displace from the eastern to the western side of the sector. Injectors 
will be placed using the same total injection rate on the eastern flank and use the aquifer as more 
efficient displacement mechanism. A different well pattern is considered in this case study as 
50 
shown in Figure 4.13. 
A five year period of production is assumed to drill the injector and set up chemical facilities. 
The total numbers of wells is less than the other cases studies as this Case Study 4 has a different 
well pattern and requires injectors on one side of the sector. 
 
Figure 4.13 Case Study 4: Pilot Pattern and Location. 
 
This case has a less investment in terms of drilling of wells (four less wells to drill) which helps 
economics as the main premise of the Case Study 4 is that the maximum use of the aquifer leading 
to a more efficient displacement and to more production.  
The URF of Case Study 4 is 74% OOIP which is the same as Case Study 3 with an incremental of 
9% from the base case. This also shows an acceleration of oil production but not to the same degree 
as in comparison to Case Study 3. 
Case Study 4 will compete with the Case Study 3 as its requires less infrastructure and has less 
investment (four wells less). The acceleration of production will be the main factor for the Case 
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Study 3 to have better economic than Case Study 4. This could be the most promising case study 
of the four proposed scenarios. 
 
 
Figure 4.14 Case Study 4: Oil Recovery Factor and Oil Cut of Sector Model. 
 
4.9 Discussion and Conclusion of Simulation Model 
The SALB reservoir has great potential from primary oil recovery due to the assistance of the 
natural water drive. The strong water drive has significant bene t to the oil recovery and requires 
technical and economical experts when implementing CEOR. 
CEOR cases have shown potential. All cases studies produced with 74-75% OOIP URF from 
the sector model. When compared with the study (no EOR cases) 9-10% incremental is produced 
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by each case study. The acceleration of the CEOR oil is the key factor to be interpreted as it can 
be observed that Case Study 2. CEOR incremental production is in the late phase of the reservoir 
life. Case Study 3 shows the greatest acceleration incremental while Case Study 4 has less 
acceleration in comparison to Case 3 but with less investment. 
These four cases provide a wide range of evaluations that will form the basis for a decision to 
be made. Economics will be the key parameter, to pursue on EOR technology and the best timing 
for implementation. Literature review in Chapter 2 showed the acceleration of EOR can provide 
the best economical results as the quantity of chemicals can be reduced by a factor up to six times 
(Needham, Riley B and Peter H. Doe 1987). The objective of the study is to evaluate the maximum 
present value profit. An Incremental Economic model will benchmark each case study and provide 
a clear and defined conclusion. 
Another observation is to include Sacrificial Wells on the edge of the sector that can be used 
to minimize and postpone water encroachment which will displace more oil and lead to a more 
efficient displacement of the reservoir. These wells can be up to a 100 % water production and 
they provide a great way to improve the proposed scenarios. 
Understanding these case study scenarios requires careful assessment of the main risks that can 
increase or reduce the outcome of this EOR technique. The main risk of applying a chemical flood 
in the Sabriyah, Lower Burgan are geology, chemical formulation, and operations. 
Geological risk could be from parameters such as permeability and fractures. Faults in the pilot 




Figure 4.15 Summary of all Case Studies. 
 
Geological risk could be from parameters such as permeability and fractures. Faults in the pilot 
area could intersect and complicate the situation (inter well tracer test should be implemented). 
Water and the ability of injectors to reduce the influence of the fluid flow to the production well 
can be a critical challenge. 
The chemical formulation is based on reservoir core floods and have not been implemented in 
the field. Scaling and gypsum that could occur due to the calcium and magnesium and could lead 
to the well bore shutdown if it happens at an early stage and near the well bore. 
Operational risk can lead to excessive injection rate loss and loss of chemicals which is a 
crucial situation. Polymer can be sheared from chokes and pipes. Improper manpower that is not 
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well trained for a chemical EOR operation could be a huge risk such as incorrect or improper 
makeup of the chemical solutions. 









This chapter provides the concept and techniques used for the economic evaluation of the 
Sabriyah Lower Burgan pilot area. Two economic models has been developed and all case studies 
evaluated previously (Pilot design and Analysis, Chapter 4) are used to analyze and evaluate 
reservoir economics. 
5.1 Economic Evaluation Methodology 
The economic evaluation of any project is directly driven to the company’s goals and the 
objective is to provide recommendations that will form a basis for a decision. The company’s 
primary goal is to maximize the present value profits and to consider EOR activities as part of the 
company’s production portfolio in upcoming years. 
The economic evaluation objective addresses the following: 
• Evaluate economics in a larger pore volume using the proposed Chemical EOR 
formulation based on model results. 
• Identify the most promising Chemical EOR case study that has been proposed in the 
model part. 
• To address all the necessary cost items and their impact on economics of the pilot area. 
Two models have been developed, the first model addresses each project as a mutually 
exclusive project and a cash flow is developed to analyze the results of investing in that case study. 
The second model is a more representative model to the objective of the study. It considers a base 
case and an incremental cash flow is developed for all remaining case studies. Case 1 (Primary 
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Recovery Assisted by Natural Water Drive) as the base case study as it requires the minimum costs 
and is simply the do nothing case. 
The software used was Microsoft Excel. The model developed has no Taxes as this is a national 
oil company which manages the countries reserves and resources. No gas revenue and costs are 
included in the analysis as Kuwait flares its gas. 
The economic model will be reported on a yearly basis and the model begins at year zero. The 
economic model will be reported in this format so analyses can be clearly compared. The mutually 
exclusive projects cash flows and incremental cash flows. A discounted rate is 10% yearly discount 
rate. Oil price will be set to 50$ per barrel with no escalation over life. It is important to state that 
these economic models have been developed based on the reservoir model and the four case studies 
are seen below: 
• Primary Recovery Assisted by Natural Water Drive (Case Study 1). 
• Chemical Flood (Multi 5-spot pattern) at late stage (Case Study 2). 
• Chemical Flood (Multi 5-spot pattern) at early stage (Case Study 3). 
• Chemical Flood (Peripherals) at early stage (Case Study 4). 
5.2 Data Used 
Data has been divided into the following categories and any assumptions made for some costs 
that will be clearly justified. 
5.2.1 Revenues 
The basis of the production profile is from the simulation model. CMG STARS software has 
been used to model the reservoir and the results of the production and injection profiles has been 
extracted and loaded into Microsoft Excel. Oil price will be used as 50$ per barrel with no 
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escalation over life as this is considered a reasonable price and does reach to a point of being 
excessively optimistic or strictly conservative. 
5.2.2 Capital Expenditure (CAPEX) 
Assumption has been made for some of the costs and any assumed costs will be justified. 
Capital expenditures are investments that are incurred in one period but bene t future periods. The 
main CEOR capital expenditure is the chemical facility (pre and post-production facilities) which 
the assumed price is based on the daily injection rate in the model simulation which is 
60,000bbl/day. The injection is exceptionally high to overcome the aquifer (mainly the edge water 
drive from the eastern side). The facilities are assumed to be priced at 40 million dollars. 
All wells are assumed to be newly drilled. Injections wells are assumed to cost 3 million dollars 
and production wells at 4 million dollars. 
5.2.3 Operational Expenditure (OPEX) 
Operating expenses are costs that are incurred the same period that they benefit. Operating 
costs includes conventional and EOR parameters. Conventional operational expenditure includes 
lifting, water handling, water injection, and annual fixed costs for regular maintenance and well 
surveillance. EOR operational expenditure are water softening (pre-flush flood), polymer, 
surfactant, and alkali based on the pore volume formulation design. 





Table 5.1 Operational Costs Categories 
OPEX Costs 
Lifting Cost 0.85 $/bbl 
Water Handling 
Costs 0.05 $/bbl 
Water Injection 
Costs 0.1 $/bbl 
Fixed Costs 
(Annual) 60,000 $ 
Water Softening 
Costs 0.5 $/bbl 
Polymer 1.23 $/bbl 
Surfactant 1.18 $/bbl 
Alkali 0.15 $/bbl 
 
 
5.3 Economic Model 1: Cash Flow Model 
Each case study will be evaluated as a mutually exclusive project. A cumulative cash flow and 
a discounted rate cash flow will be presented and further analysis will be discussed. The case 






Table 5.2 Summary Case Studies Input Data 
 Case Study 1 Case Study 2 Case Study 3 Case Study 4 
CAPEX     
Injection Wells No Yes Yes Yes 
Production 
Wells Yes Yes Yes Yes 
Chemical 
Facility  No Yes Yes Yes 
Water Facility Yes Yes Yes Yes 
OPEX     
Lifting Cost Yes Yes Yes Yes 
Water Handling 
Costs Yes Yes Yes Yes 
Water Injection 
Costs No Yes Yes Yes 
Fixed Costs 
(Annual) Yes Yes Yes Yes 
Water Softening 
Costs No Yes Yes Yes 
Polymer No Yes Yes Yes 
Surfactant No Yes Yes Yes 
Alkali No Yes Yes Yes 
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Each case study is build upon capital and operational expenditures. Revenues are based on the 
production profile and a cash flow will be generated with calculation of important economic 
parameters to evaluate the reservoir potential. 
5.3.1 Case Study 1: Primary Recovery Assisted by Natural Water Drive 
Case Study 1: Primary recovery assisted by natural water drive can be considered as a no EOR 
case or the conventional case as the capital expenditures are only the production wells (12 
producers) and daily conventional operation costs. 
In Figure 5.1, the blue data represents the cumulative cash flow, the Net Present Value is at 
$1,574,006,797. The orange data represents the discounted cumulative cash flow, the Discounted 
Net Present Value is $802,555,056. The green data represents the annual oil volume which reach 
peaked at year six. 
 
Figure 5.1 Case Study 1: Cash Flow Model. 
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The Discounted Net Present Value benchmarks the additional revenues or loss in investing in 
this project in compared to stock exchanges. The discounted yearly rate is 10%. 
The project lifetime is 20 years with a payout in 3.47 years. The return of investment (ROI) is 
32, rate of return is (ROR) 183%, profit to investment (PI) is 31. 
These results are very promising and highly encouraging. The economics reflects the natural 
water drive impact on the production (65% URF) and the profit table project based on its natural 
occurrence. A large portion of the oil volume was produced in the 10 years. 
As it has been stated previously, objective of to study it to understand the economic 
applicability to implement chemical EOR in the candidate reservoir. This reservoir is a great 
competitor to any EOR activity due to its natural water drive mechanism, other case studies now 
will be investigated to understand if they can compete and provide the most promising results. 
5.3.2 Case Study 2: Chemical Flood ( Multi 5-Spot Pattern) at Late Stage 
Late chemical flood case study is based on the oil cut dropping as low as 5% (this is considered 
an extreme economic limit to Kuwait’s operational procedure). Based on Case Study 1, it can be 
noticed that the oil drops to 10% oil cut after 24 years of the production and at this point the 
chemical flood began. Costs are covered in a minor number of years previous to launch date. 
To address Case Study 2, the economic model starts five years before the chemical flood to 
capture all incremental costs. This means the model will not capture the first years of primary 
recovery as the EOR technique is begins later. However, the time value of money will be captured 
and the cash ow will represent CEOR costs. 
Figure 5.2 is a plot of cumulative net cash flow, discounted cumulative cash flow and yearly 
oil volume. The blue line represents cumulative cash flow with a Net Present Value of 
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$45,561,399. The orange line represents discounted cumulative cash flow with a Discounted Net 
Present Value of $13,230,339. The green histogram represents the annual oil volume which is 
much lower than Case Study 1 due to fact that the primary recovery assisted by naturals water 
drive has depleted the reservoir (URF 65%). Potential of further production from Chemical EOR 
is noticeable as URF is 75% (10% incremental) and it is reflected in the cash flow. 
The project lifetime is 13 years and the payout is at 5.61 years which is longer in comparison 
to Case Study 1. Consider also that this project starts at a much later stage of the reservoir life. 
Return of investment is 1.79 and rate of return is 26%.  
 
Figure 5.2 Case Study 2: Cash Flow Model. 
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The project can be considered as pro table considering the cash flows. However, it takes a 
much longer duration which conflicts with company’s strategy and goal to maximize present value 
profits. This case study is evaluated when chemical flood started which is 23 years later. Cost of 
chemicals and oil prices are hard to estimate 50 years from now due to the changeable economic 
environment could change these estimates significantly. Continuous scientific development in the 
oil industry research and development. Time value of money is a key element to consider in this 
situation and chemicals cost could be greater when starting the project at later stage (tertiary) than 
in secondary application (Needham, Riley B and Peter H. Doe 1987). 
The Model 2 Economic model in this chapter will address the incremental cash flow and this 
will provide a clearer evaluation of Case Study 2 and what decision to endorse. 
5.3.3 Case Study 3: Chemical Flood ( Multi 5-Spot Pattern) at Early Stage 
This case study is based on at early stage where chemical flood is started at oil cut at 20% and 
a pre-start of five years of chemical flood for drilling and facilities preparation so that all necessary 
costs can be captured in a realistic procedure. 
Figure 5.3, the blue line represents cumulative cash flow with a Net Present Value of 
$1,741,750,813. The orange line represents discounted cumulative cash flow with a Discounted 
Net Present Value of $858,241,234. The green histogram represents annual oil volume which 
clearly shows an acceleration of oil production which is reflected the most promising cash flow 
scenario. 
The project lifetime is 15 years which is the shortest Case Study. The payout is very 
competitive and is almost same as Case Study 1 at 3.19 years. Profit to investment is 15.64 and 
return of investment is 164%. Rate of return is 16.64. 
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This case study clearly shows the value of accelerating EOR technology in the reservoir 
lifetime as this reflects the highest Net Present Value and the reduced project time life which 
reflects the maximum present value profit. This is the most promising scenario. 
 
 
Figure 5.3 Case Study 3: Cash Flow Model. 
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5.3.4 Case Study 4: Chemical Flood ( Peripherals ) at Early Stage 
Case Study 4 uses a different pattern where injectors have been placed on the eastern side of 
the reservoir and injection will be with the aquifer direction. Case Study 4 is the lowest capital 
expenditure in comparison to the other Chemical EOR case studies. 
Case Study 4 is based on starting the chemical flood where the oil cut is at 20%. Economic 
time line starts five years before the chemical flood for drilling and facilities preparation so that 
all necessary costs can be captured. 
Figure 5.4 depicts the cumulative cash flow, cumulative discounted cash flow, and an-nal oil 
ratio. The blue line represents cumulative cash flow with a the Net Present Value of 
$1,665,281.280. The orange line represents discounted cumulative cash flow with a Dis-counted 
Net Present Value of $829,235,241. The green histogram represents annual oil volume which 
shows a descent annual production. 
The project lifetime is 18 years. This is a comparative case scenario to the No Chemical EOR 
case as it resulted in increased revenue but a longer duration. It is close to the revenues of Case 
Study 3 but cannot compete with the acceleration. The payout is 3.17 years, return of investment 
is 19.98, Profit t to Investment is 18.98 and rate of return is 179%. 
These are very promising with favorable results. However, when benchmarked it with the 
other case scenarios some weaknesses are observed such as longer project lifetime and less of 
acceleration of oil production. 
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Figure 5.4 Case Study 4: Cash Flow Model. 
 
The main question that need to be answered is " Does CEOR project economics are based on 
incremental oil? Is the additional investment of CEOR exceeds the no EOR case warranted by 
incremental oil production or including production acceleration ? 
5.3.5 Discussion and Conclusion of Economic Model 1 







Table 5.3 Project Parameters of Economic Model 1 
 Case Study 1 Case Study 2 Case Study 3 Case Study 4 
Economic Model 
1     
Project Start 
(yrs) 0 0 0 0 
Project Duration 
(yrs) 20 13* 15 18 
Production 
Wells Drilled 12 12 12 9 
Well Pattern Direct Line Mulitple 5-spot Mulitple 5-spot Mulitple 5-spot 
Oil Production 
(MMBBL) 41.5 48 47.5 47 
Recovery (% 
OOIP) 65 75 74 74 
 
It can be clearly stated that this reservoir has a promising potential and case study 1 
which is the No EOR Case Study states that primary recovery with the assisted natural 
water drive can reach a successful economic standard with an outstanding rate of return 
with a small payout time. Pro t to investment is extremely high. It is important to state that 






Below is a table with the economic parameters output: 
Table 5.4 Economic Parameters 
 Case Study 1 Case Study 2 Case Study 3 Case Study 4 
Economic Model 
1     
Oil Price ($) 50 50 50 50 
Total Oil 
Revenue (MM$) 2,148 495 2,351 2,337 
Total OPEX 
Cost (MM$) 523 340 540 584 
Production 
Wells Drilled 
(MM$) 48 48 48 36 
Other Costs 
(MM$) 2.75 62.75 62.75 62.75 
 
Case Study 2 study provides a descent potential but the launch of that scenario is in a long 
period of time that can be hard to interpolate results and expect similar current condition in that 
period of time. 
Case Study 3 provided the highest revenues and the shortest present lifetime and greatest oil 
production acceleration. Currently it is the most promising scenario of the four case studies. 
Case 4 resulted in a high revenue that is higher than Case 1 but lower than Case 3. Present 
lifetime is longer which puts concerns to the time value of money. All of these scenarios provide 
revenues and can be considered as profitable project to invest in. However Case Study 3 is the 
most promising Case Study. 
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The challenge here is to clarify if the EOR technique provide an accelerated oil production 
with a higher revenue in a shorter lifetime project. The previous points are the organizations goals 
and the economic model should address these goals. To clearly understand each Case Study, Model 
2 shows incremental cash flow to which other case studies can be benchmarked to rather than each 
case study considered an exclusive project. 
Table 5.5 Economic Model 1 Summary 
 Case Study 1 Case Study 2 Case Study 3 Case Study 4 
Economic Model 
1     
Oil Produced 
(MMbbl) 41.5 48 47.5 47 
Project Life (yrs) 20 13* 15 18 
Total Cost 
(MM$) 573 449 649 667 
NPV (MM$) 1,574 45 1,741 1,655 
Disc. NPV 
(MM$) 802 13 858 829 
Return on 
Investment 32 1.79 16.64 19.98 
Rate of Return 183% 26% 214% 233% 




5.4 Economic Model 2: Incremental Cash Flow Model 
 This economic model will consider Case Study 1 as a base case scenario. Three Scenarios will 
be developed where each remaining case study will satisfy the following equation: 
This will provide an understanding of the performance of Chemical EOR and if any surplus 
revenues exist throughout the time life of the projects. 
Incremental Case Study 2 will be the Chemical Flood ( Multi 5-spot pattern ) at Late stage in 
comparison with the Base Case study. 
Incremental Case Study 3 will be the Chemical Flood ( Multi 5-spot pattern ) at early stage in 
comparison with the Base Case study. 
Incremental Case Study 4 will be the Chemical Flood ( Peripherals ) at early stage in 
comparison with the Base Case Study. 
The case studies have been numbered in that format to avoid any confusing between case 
studies. 
5.4.1 Incremental Case Study 2 
This model was designed to address the period of Model 1 Case Study 2 as this is a 
representation of the Chemical flood performed after the base period. 
Figure 5.5 depicts case study economic parameters. It can be clearly stated that incremental 
case study does not reach surplus revenues or break-even until the 8th year. EOR incremental 
production is accelerated a bit. Net Present Value is $24,642,076 and payout is 8 years. Discounted 
cumulative cash flow is a $4,131,227 loss, suggesting that investing in stock market would be 
more beneficial based on 10% yearly discounted rate. 
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This incremental case study answers a few concerns. Chemical EOR did produce more oil but 
is not an economically favorable when evaluated on a discounted cumulative cash flows basis. 
Discounted cash flows are negative and cumulative cash shows reduced revenue. The time value 
of money is a big concern considering the uncertainty of future conditions and oil prices. 
 
Figure 5.5 Incremental Case Study 2. 
 
5.4.2 Incremental Case Study 3 
This case study address the Model 1 Case Study 3 as this is a representation of the Chemical 
Flood (Multi 5-spot pattern ) initiated at early in the life of the reservoir as is compared with the 
base case study. Figure 5.6 depicts the economic parameters of this incremental case study. This 
case study results in an exceptional Net Present Value of $168,144,459 and a Discounted Net 
Present Value of $50,060,348. Acceleration of the oil production is clearly shown and this is what 
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made the economics the most favorable. Payout is 7 years. Base Case study tends to overcome 
EOR production at the later in the project with the time value of money was the dominant factor 
of the economic analysis. 
 
Figure 5.6 Incremental Case Study 3. 
 
5.4.3 Incremental Case Study 4 
This case study address the Model 1 Case Study 4 as this is a representation of the Chemical 
Flood (Peripheral) performed early in the life of the reservoir and is the base case study. 
This case study shows a Net Present Value of $81,330,695 and a Discounted Net Present Value 
of $14,621,442. Figure 5.7 shows the economics parameters. This is promising but not 
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encouraging as Incremental Case Study 3 where more money is recovered. The payout is slightly 
longer at 9.5years. 
 
Figure 5.7 Incremental Case Study 4. 
 
5.4.4 Discussion and Conclusion of Economic Model 2 
The Incremental Cash Flow model evaluated each CEOR case study and defined if each case 





Table 5.6 Project Parameters of Economic Model 2 
Case Studies 1 2 3 4 
Project Start 
(yrs) * 18 0 0 
Project Duration 
(yrs) * 5* 5 5 
Chemical 
Injection Starts 
(yrs) * 12* 16 18 
Production 
Wells Drilled * 0 0 -3 
Injection Wells 
Drilled * 6 6 3 
Volume of ASP 
injected 
(MMbbls) * 13.2 13.2 13.2 
Volume of 
Polymer injected 
(MMbbls) * 51.7 51.7 51.7 
Incremental 
Production 
(MMbbls) * 6.5 6 5.5 
Incremental 
Production (%) * 10 9 9 
 
Incremental Case Study 2 gave a low NPV in comparison to Case Study 3 and 4. The 
uncertainty of the costs and time value of money with delayed start of the project is a concern. All 
these points suggest that delaying the CEOR project is not the preferable choice. 
Incremental Case Study 4 gave a good NPV but not as high as the Incremental Case Study 3. 
This can be a proposed scenario but this approached would be highly dependent on the aquifer 
encroachment and the geologic understanding of the complexity of the reservoir, increasing the 
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risk and uncertainty of the oil mobilization. Further risk and assessment should be considered in 
this scenario to understand the range of uncertainty. 
Incremental Case Study 3 resulted in the best economic with a highest NPV with the smallest 
project lifetime. This is an agreement with the objective of this study to maximize present value 
pro t. The recommendation is to perform this scenario were project is started as early as possible. 
Sensitivity analysis is highly recommended to evaluate the uncertainties and further dis-cuss 
potential impact that will effect the economy. 













Table 5.7 Economic Parameters 
 Case Study 1 Case Study 2 Case Study 3 Case Study 4 
Economic Model 
1     
Oil Price ($) 50 50 50 50 
Total Oil Revenue 
(MM$) 2,148 495 2,351 2,337 
Total OPEX Cost 
(MM$) 523 340 540 584 
Production Wells 
Drilled (MM$) 48 48 48 36 
Other Costs 
(MM$) 2.75 62.75 62.75 62.75 
Economic Model 
2     
Incremental Oil 
Revenue (MM$) * 175 342 176 
Production Well 
Drilled (MM$) * 0 0 -12 
Injection Well 
Drilled (MM$) * 18 18 9 
Cost of 
Chemicals 
(MM$) * 72 72 72 
Cost of Facilities 
(MM$) * 40 40 40 
Incremental 
OPEX Costs 
(MM$) * 92 116 57 
Total 
Incremental 
Cost(MM$) * 315 174 94 
77 
Table 5.8 Economic Summary 
 Case Study 1 Case Study 2 Case Study 3 Case Study 4 
Economic Model 
1     
Oil Produced 
(MMbbl) 41.5 48 47.5 47 
Project Life (yrs) 20 13* 15 18 
Total Cost (MM$) 573 449 649 667 
NPV (MM$) 1,574 45 1,741 1,655 
Disc. NPV (MM$) 802 13 858 829 
Return on 
Investment 32 1.79 16.64 19.98 
Rate of Return 183% 26% 214% 233% 
Payout (yrs) 3.47 5.61 3.2 3.2 
Economic Model 
2     
Inc. Oil Produced 
(MMbbl) * 6.5 6 5.5 
Project Life (yrs) * 12 16 18 
Total Incremental 
Cost (MM$) * 175 342 176 
NPV (MM$) * 24 168 81 
Disc. NPV (MM$) * -4 50 14.6 
Return on 
Investment * 1.5 3.56 2.98 
Rate of Return * 9% 27% 17% 




CONCLUSION AND RECOMMENDATIONS 
The main conclusion of this research is that implementing EOR earlier in this promising 
reservoir would lead to more favorable and economic investment. Other conclusions of this 
research study are: 
• The application of CEOR can be an economic success if properly implemented. 
• Implementing CEOR earlier in the life of the reservoir results in better and more 
favorable economics. This is primarily due to the time value of money along with the 
acceleration of oil production. 
• Aquifer is the greatest challenge for EOR, where it provides excellent production and 
productivity. Managing the aquifer can improve overall economics. 
• Kuwait is in a situation where timing the EOR implementation is a topic of discussion.  
• Future CEOR projects economics will be better when certain facilities be re-used. 
Recommendations for this research are: 
• Sensitivity analysis is highly recommended to evaluate risk analysis of CEOR in the 
Sabriyah Lower Burgan field, these risks can be categorized as geologic, chemical 
formulation and operational risks. 
• As this reservoir has never been under injection, observational well is highly 
recommended to determine an oil saturation bank. Routine core analysis is also 
recommended for geologic description and early warning of geologic problems in the 
pilot area. 
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• It is recommended to deal with water encroachment concern by the use sacrificial wells 
on the edge of the reservoir which can be used to minimize and postpone water 
encroachment. This will enhance oil production efficiency from wells within the multi 
well pilot area. 
This can be an important template to further simulate the pilot and update input data once 
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This Appendix provides the details of Economic Model 1 case studies in terms of capital and 
operational expenditures. Further details of revenues, Chemical detailed cost and the main 
yardsticks of the economic outputs. 
 
 
Figure A.1 Case Study 1.
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Figure A.2 Case Study 2.
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Figure A.3 Case Study 3.
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This Appendix provides the details of Economic Model 2 case studies in terms of capital and 
operational expenditures. Further details of revenues, Chemical detailed cost and the main 
yardsticks of the economic outputs. 
 
 
Figure B.1 Incremental Case Study 2. 
 
Figure B.2 Incremental Case Study 3.
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Figure B.3 Incremental Study 4. 
